We report direct experimental evidence that human ␣B-crystallin, a member of the small heat shock protein family, actively participates in the refolding of citrate synthase (CS) in vitro. In the presence of 3.5 mM ATP, CS reactivation by ␣B-crystallin was enhanced approximately twofold. Similarly, 3.5 mM ATP enhanced the chaperone activity of ␣B-crystallin on the unfolding and aggregation of CS at 45°C. Consistent with these findings, cell viability at 50°C was improved nearly five orders of magnitude in Escherichia coli expressing ␣B-crystallin. SDS͞PAGE analysis of cell lysates suggested that ␣B-crystallin protects cells against physiological stress in vivo by maintaining cytosolic proteins in their native and functional conformations. This report confirms the action of ␣B-crystallin as a molecular chaperone both in vitro and in vivo and describes the enhancement of ␣B-crystallin chaperone functions by ATP.
Molecular chaperones of the large heat shock protein families not only suppress protein unfolding and aggregation in response to stress but also actively participate in the refolding of denatured proteins in vitro, often in an ATP-dependent manner (1, 2) . ␣B-crystallin is a protein that shares sequence and functional similarities with small heat shock proteins (sHsps) from numerous species (3, 4) . ␣B-crystallin is expressed constitutively at high levels in the lens of the eye and at lower levels in many nonlens cells and tissues and is up-regulated dramatically in response to stress and pathological conditions in vivo (3, 5) . Chaperone-like activity has been described for ␣B-crystallin from humans and various other species in suppressing protein unfolding and aggregation in response to thermal or chemical stress (4, (6) (7) (8) (9) . Although the participation of ␣-crystallin and other sHsps in the refolding of proteins has been reported (4, 6, 10) , the enhancement by ATP on the reactivation and refolding of proteins by ␣B-crystallin has not. To functionally characterize ␣B-crystallin as a molecular chaperone, its effects on the unfolding and refolding of citrate synthase (CS) in the presence and absence of ATP were studied in vitro. CS was chosen as a model protein for the characterization of unfolding and refolding reactions because it has been used extensively with molecular chaperones that include GroEL, Hsp90, and the sHsps (6, (11) (12) (13) (14) .
ATP is an abundant phosphorous metabolite in lenses from many species (15) that is present in lens cells at concentrations as high as 6.7 mM (16, 17) , which is among the highest levels of any cell in the body (18) . High concentrations of ATP (4-8 mM) are found in skeletal muscle (19) , in which high levels of ␣B-crystallin are expressed (20) . The activity of GroEL and other chaperones on unfolding and refolding of proteins has been characterized at high concentrations of ATP (6, 11, (21) (22) (23) (24) , which may reflect a functional relationship between high concentrations of ATP and chaperone activity in all cells. The functional experiments with ␣B-crystallin in this report used ATP at a concentration of 3.5 mM. Not only is this concentration comparable directly to that used in functional in vitro studies published for well characterized chaperones (6, 11, (21) (22) (23) (24) , but this is a concentration that is present in vivo in cells that express ␣B-crystallin (15) (16) (17) (18) (19) (20) .
The action of human ␣B-crystallin as a molecular chaperone was characterized in vivo by using thermal stress to Escherichia coli. Mouse ␣B-crystallin expression has been shown to confer protection to E. coli and NIH 3T3 cells against thermal stress (7, 25) . Expression of recombinant human ␣B-crystallin in vivo protected cell viability nearly five orders of magnitude over control cultures.
The major finding in this report is that ␣B-crystallin functions as an ATP-enhanced molecular chaperone not only in suppression of the unfolding and aggregation of CS but also in mediating the proper refolding of CS to a fully functional conformation. Although the role of ATP in the reaction cycles of protein folding by GroEL͞Hsp60 and DnaK͞Hsp70 is well characterized, a detailed understanding at the molecular level of the functional interactions between ␣B-crystallin and ATP remains to be elucidated.
METHODS
Refolding and Reactivation of CS. Human ␣B-crystallin was purified as described (8) , and CS purified from porcine heart was purchased from Boehringer Mannheim. CS was denatured for 1.5 h at 23°C in 100 mM Tris⅐HCl (pH 8), 2 mM DTT, and 6 M guanidine hydrochloride. Reactivation was initiated by a 100-fold dilution into 100 mM Tris⅐HCl (pH 8) and 10 mM KCl. For testing the effects of ATP (or other nucleotides͞ nonhydrolyzable ATP analogs), the reaction buffer was equilibrated with 3.5 mM ATP (or other nucleotide͞nonhydrolyz-able ATP analogs) and 3.5 mM MgCl 2 before addition of ␣B-crystallin or CS. Dilution of denatured CS into the reactivation buffer was performed with vigorous stirring in glass vessels at 23°C. Activity of CS was assayed as described (11) after indicated times of refolding at 23°C. Reactivation of chemically denatured CS is given as the percentage relative to a control sample of native 150 nM CS tested under identical conditions.
Unfolding and Aggregation of CS. The apparent OD (relative light scattering at ϭ 320 nm) was a direct measure of the thermal unfolding and aggregation of CS at 45°C over 60 min. Native CS (50 M) was diluted 1:100 into a reaction buffer containing 40 mM Hepes, 20 mM KOH, 50 mM KCl, 10 mM (NH 4 ) 2 SO 4 , and 2 mM potassium acetate (pH 7.8) equilibrated at 45°C in the presence and absence of ␣B-crystallin and͞or ATP. For testing the effects of ATP (or nonhydrolyzable ATP analogs), the reaction buffer was equil-ibrated with 3.5 mM ATP (or nonhydrolyzable ATP analogs) and 3.5 mM MgCl 2 before addition of ␣B-crystallin or CS. Concentrations listed for CS refer to the monomer and for ␣B-crystallin refer to the Ϸ20-mer complex as determined by dynamic light scattering (unpublished data) and size exclusion chromatography (8) .
Intrinsic Tryptophan Fluorescence. The emission spectra for 0.025 mg͞ml human ␣B-crystallin in a reaction buffer consisting of 20 mM Tris⅐HCl (pH 7.5), 25 mM NaCl, 10 mM KCl, and 3.5 mM MgCl 2 was monitored at 300 Ͻ Ͻ 450 nm by using an excitation ϭ 290 nm. Spectra were recorded at 37°C by using a Perkin-Elmer Luminescence spectrometer LS50B in the presence and absence of 350 nM-3.5 mM ATP. Spectra were corrected for background emission Raman scattering. Spectra of the buffers (including ATP) were subtracted from the spectra of the protein samples. The effect of ATP on the intrinsic tryptophan fluorescence of human ␣B-crystallin was consistent with a previous study using 50-300 M ATP with total bovine ␣-crystallin (26) .
Cell Viability Experiments. A cDNA sequence encoding human ␣B-crystallin (8) was inserted into the pET16b vector (Novagen) at the NcoI and XbaI restriction sites to produce pET16b-␣B (data not shown). This plasmid was used to transform competent E. coli BL21 (DE3) cells (Novagen). For control cultures, pET16b lacking any inserted cDNA sequence (Control Culture 1) and pET16b containing a cDNA sequence encoding ␤-galactosidase (Control Culture 2) also were transformed into competent E. coli BL21 (DE3) cells (Novagen). For the heat shock experiment, equal numbers of cells transformed with pET16b-␣B or control plasmids were inoculated into 50 ml of L broth that contained 100 g͞ml carbenicillin. Cells were grown at 37°C with vigorous shaking until they reached an OD of 0.5 at A ϭ 600 nm, at which point protein expression was induced by the addition of isopropyl-␤-Dthiogalactopyranoside to a final concentration of 1.0 mM (Sigma). Two hours after induction of protein expression, the cultures were shifted to 50°C for the remainder of the experiment. Cell viability of cultures was determined by counting the number of colony forming units (CFUs) formed at selected time points. Cell viability is plotted as the percentage of CFUs formed throughout heat shock relative to the starting number of CFUs formed in each culture before heat shock. Shown are the means and SD of triplicate cultures. The effect of heat shock on protein stability was analyzed at selected time points by electrophoresis on 4-12% Bis-Tris polyacrylamide electrophoretic gels run in the presence of 0.1% SDS (NOVEX, San Diego).
RESULTS
The effects of human ␣B-crystallin on the refolding and reactivation of CS in the presence and absence of ATP were determined in vitro. Upon dilution into a nondenaturing solution, chemically denatured CS aggregates rapidly upon refolding, achieving only a 1-2% reactivation yield in comparison to the enzymatic rate of the native enzyme ( Fig. 1A and Table 1 ). However, when chemically denatured CS was diluted into a nondenaturing solution containing ␣B-crystallin, reactivation yields of enzymatically active CS were increased in a concentration-dependent manner (Fig. 1 A) . Similar to GroEL and DnaK (11, (21) (22) (23) (24) , 3.5 mM ATP enhanced the effect of ␣B-crystallin on refolding and reactivation of CS nearly twofold ( Fig. 1B and Inset and Table 1 ). More specifically, in the absence of ␣B-crystallin and in the presence of 3.5 mM ATP, the reactivation yield of CS after 60 min was 1% (Fig. 1B and Inset and Table 1 ). In contrast, at a molar ratio of 1:1 (␣B-to-CS) and in the absence of ATP, the reactivation yield of CS reached 14% whereas addition of 3.5 mM ATP increased the reactivation yield of CS to 25% (Fig. 1B and Inset and Table  1 ). ATP enhanced reactivation yields of CS by ␣B-crystallin at all concentrations of ␣B tested ( Fig. 1B and Inset) . The concentration of ATP tested with ␣B-crystallin was similar or identical to the concentrations used in several previous studies published for GroEL, DnaK, and sHsps (6, 11, (21) (22) (23) (24) . It is important to note that 3.5 mM ATP alone displayed no effect on the refolding and reactivation of CS (Fig. 1B and Table 1 ). ADP (3.5 mM) and the nonhydrolyzable ATP analogs ATP-␥S, AMP-PCP, and AMP-PNP displayed no effect on the refolding and reactivation of CS alone (data not shown). In the presence of ␣B-crystallin, the ATP analogs did not enhance reactivation yield of CS (Table 1 ). Similar to published reports for GroEL and DnaK (11, (21) (22) (23) (24) , the enhanced chaperone effect appeared to be specific to ATP and not to chemically similar inactive ATP analogs. When BSA, maltose-binding protein, alcohol dehydrogenase, or bovine ␥-D crystallin were substituted for ␣B-crystallin in the presence and absence of ATP in the refolding reactions, only minimal increases in CS refolding and reactivation were observed (Table 1 ). In the refolding reactions, ␣B-crystallin was 25 times more effective Next, we determined the effects of ATP on ␣B-crystallin in suppression of unfolding and aggregation of CS. CS unfolds rapidly and aggregates in solution at 45°C (Fig. 2A) . In the absence of ATP, ␣B-crystallin suppressed the unfolding and aggregation of thermally denatured CS in a concentrationdependent manner (Fig. 2 A) . Addition of 3.5 mM ATP enhanced the suppression of CS aggregation by ␣B-crystallin at all concentrations of ␣B tested (Fig. 2B and Inset) . More specifically, after 60 min at 45°C, aggregation of CS in the presence of ␣B-crystallin was reduced to 44% ( Fig. 2 A and Table 2 ). ATP alone had no effect on the aggregation kinetics of CS (Fig. 2B and Table 2 ). However, in the presence of ␣B-crystallin and 3.5 mM ATP, CS aggregation reached only 20% (Fig. 2B and Table 2 ). The concentration of ATP tested with ␣B-crystallin was similar or identical to the concentrations used in several previous studies published for GroEL, DnaK, and sHsps (6, 11, 21-24) . The effects of the nonhydrolyzable ATP analogs ATP-␥S, AMP-PCP, and AMP-PNP also were tested in the experimental system. All nucleotide analogs tested displayed no effect on CS aggregation alone (data not shown) or in the presence of ␣B-crystallin (Table 2) . When BSA, lysozyme, and maltose-binding protein were substituted for ␣B-crystallin in the presence and absence of ATP in the unfolding reactions, no suppression of CS unfolding and aggregation was observed (Table 2) .
Intrinsic tryptophan f luorescence spectroscopy demonstrated an interaction between human ␣B-crystallin and ATP. The fluorescence emission spectra of ␣B-crystallin was monitored at 300 Ͻ Ͻ 450 nm in the absence and presence of varying concentrations of ATP (Fig. 3) . In the presence of 350 M ATP, the ϭ 340 nm (tryptophan) peak fluorescence intensity decreased 42% compared with the peak fluorescence intensity observed in the absence of ATP (compare traces 2 and 1 in Fig. 3) . A similar decrease in peak fluorescence intensity was observed for ␣B-crystallin in the presence of 350 nM-350 M ATP (data not shown). In the presence of 3.5 mM ATP, both quenching (Ϸ54%) and a pronounced red shift (Ϸ31 nm) were observed in a solution of ␣B-crystallin (Fig. 3,  trace 3 ). The protective effect of human ␣B-crystallin expression was evaluated in cells exposed to thermal stress in vivo. Bacterial cells were cultured for 4 h at 37°C and then transferred to 50°C, a temperature at which the bacterial cells rapidly undergo autolysis and concomitant necrotic death. Cell viability was measured by counting CFUs at selected time points during the course of the heat shock. Upon the shift to 50°C, un-induced control cultures (pET16b) and control cultures that overexpressed ␤-galactosidase (pET16b-␤-gal) rapidly underwent cell autolysis as measured by the decrease in CFUs (Fig. 4A) . Within 6 h of heat shock at 50°C no viable cells were observed in the un-induced control cultures (pET16b; Fig. 4A ) whereas cultures that overexpressed ␣B-crystallin remained viable for 8 h (pET16b-␣B; Fig. 4A ). Viability of cultures that overexpressed ␤-galactosidase decreased seven orders of magnitude after 8 h of heat shock whereas viability of cultures that overexpressed ␣B-crystallin decreased five orders of magnitude (pET16b-␤GAL and pET16b-␣B, respectively; Fig. 4A ). Although overexpression of ␤-galactosidase (pET16b-␤-gal) appeared to provide a slight protective effect on cell viability, it should be noted that cultures that overexpressed ␣B-crystallin maintained between one and five orders of magnitude more viability than either control culture for the entire course of the experiment.
Protein degradation resulting from heat shock was examined in cell lysates by polyacrylamide gel electrophoresis. In cultures that overexpressed ␤-galactosidase (pET16b-␤-gal), rapid protein degradation was observed after heat shock (Fig. 4B) , which resembled the degradation of cellular proteins in unin- The unfolding and aggregation of CS at 45°C was performed as described in Methods. The effects of various proteins and nucleotides on the unfolding and aggregation of CS are shown as percent aggregation at t ϭ 60 min for equimolar ratios of protein-to-CS.
FIG. 4.
Protective effect of human ␣B-crystallin expression on cell viability and protein stability at 50°C in vivo. (A) The protection of human ␣B-crystallin expression (pET16b-␣B) vs. Control Culture 1 (pET16b; un-induced control) and Control Culture 2 (pET16b-␤-galactosidase; overexpressed ␤-galactosidase) on CFUs at 0, 2, 4, 6, and 8 h after heat shock at 50°C. (B) SDS͞PAGE analysis of crude cell lysates of bacterial cultures overexpressing ␤-galactosidase (Control Culture 2) or (C) human ␣B-crystallin before induction of protein expression (UI ϭ un-induced cells) and at 0, 2, 4, 6, and 8 h after heat shock at 50°C. Expression of human ␣B-crystallin was associated directly with protection of protein stability (most evident at early time points) and cell viability in these experiments.
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Proc. Natl. Acad. Sci. USA 95 (1998) duced control cultures (pET16b) (data not shown). In contrast, in cultures that overexpressed ␣B-crystallin, no degradation could be detected for ␣B-crystallin over the entire course of the heat shock experiment, consistent with the high thermostability reported for sHsps in vivo (27) (Fig. 4C) . Overexpression of ␣B-crystallin appeared to delay degradation of most cellular proteins especially at early time points post-heat shock (compare Fig. 4 B and C) .
DISCUSSION
Our results demonstrate that human ␣B-crystallin behaved as a molecular chaperone by suppressing the unfolding and aggregation of CS and by actively participating in the refolding and reactivation of CS. ATP enhanced the functions of ␣B-crystallin as a molecular chaperone in both in vitro assays and was shown to interact with ␣B-crystallin by intrinsic tryptophan fluorescence spectroscopy. Lastly, overexpression of ␣B-crystallin protected against cell death and protein degradation in E. coli during heat shock. CS is a model substrate protein that has been studied extensively in refolding and reactivation experiments with many molecular chaperones including GroEL, Hsp90, and the sHsps (6, (11) (12) (13) (14) . In refolding experiments in this report, the reactivation yield of CS in the presence of ␣B-crystallin was 14%, a value that is approximately five times higher than what was observed in the presence of BSA ( Table 1) . Addition of ATP to ␣B-crystallin resulted in a CS reactivation yield of 25%, a value that is approximately eight times higher than the reactivation yield observed in the presence of BSA and ATP (Table 1) . Buchner et al. (11) reported the reactivation yield of CS in the presence of GroEL, GroES, and ATP as 28%, a value that is only four times higher than what was observed under their experimental conditions with BSA and ATP (Table 1 ) (11) . Hence, the chaperone activity of ␣B-crystallin was nearly identical to GroEL͞GroES on the reactivation yield of CS in the presence of ATP (25% vs. 28%, respectively; Table 1 ) (11) . Furthermore, the relative increase in CS reactivation yield in the presence of ATP for both chaperones was quite similar, from 14 to 25% for ␣B-crystallin and from 0 to 16% for GroEL (Table 1) (11) . To control for the effect of ATP on the refolding and reactivation of CS by ␣B-crystallin, nonhydrolyzable ATP analogs were substituted for ATP in the refolding reactions. ATP-␥S, AMP-PCP, and AMP-PNP displayed little or no enhancement of the CS reactivation yield in the presence of ␣B-crystallin beyond the level observed with ␣B-crystallin alone ( Table 1 ). The absence of enhanced chaperone activity in the presence of nonhydrolyzable ATP analogs suggests that hydrolysis may be required for the action of ATP on the molecular chaperone function of ␣B-crystallin in assisting refolding and reactivation of proteins.
The action of ␣B-crystallin as a molecular chaperone in vitro also was tested in an assay measuring the unfolding and aggregation of CS at 45°C. After 60 min at 45°C, ␣B-crystallin alone suppressed CS aggregation to 44%. These results are consistent with prior reports demonstrating the suppression of protein unfolding and aggregation by ␣B-crystallin (4-9). Although ATP alone did not influence the kinetics of CS aggregation, when it was included with ␣B-crystallin, CS aggregation was suppressed to 20% (Table 2 ). To control for the effect of ATP on the suppression of CS unfolding and aggregation by ␣B-crystallin, nonhydrolyzable ATP analogs were substituted for ATP in the unfolding reactions. ATP-␥S, AMP-PCP, and AMP-PNP displayed little or no enhancement of the suppression of CS aggregation by ␣B-crystallin ( Table  2 ). The absence of enhanced chaperone activity in the presence of nonhydrolyzable ATP analogs suggests that hydrolysis may be required for the action of ATP on the molecular chaperone function of ␣B-crystallin in suppressing the unfolding and aggregation of proteins.
A functional relationship between ATP and chaperone-like activity for ␣-crystallin has been suggested by equilibrium binding studies, intrinsic tryptophan fluorescence, and 31 P nuclear magnetic resonance spectroscopy that demonstrated an interaction between ATP and total bovine ␣-crystallin (26, 28) . In the presence of 300 M ATP, a decrease of 36% in the ϭ 340 nm peak fluorescence intensity demonstrated that ATP binding induced conformational changes in total bovine ␣-crystallin (26) . In the presence of 50 M ATP, the peak fluorescence intensity of DnaK decreased 15% (29) , and for GroEL in the presence of 50 M AMP-PNP, the peak fluorescence intensity decreased 85% (30) . In this report, the decrease in peak fluorescence intensity of human ␣B-crystallin in the presence of ATP concentrations between 350 nM and 350 M resembled that of total ␣-crystallin, DnaK, and GroEL (26, (29) (30) . It was demonstrated recently by electron microscopy that, upon ATP binding, GroEL changes its conformation, causing large rotations of the apical domains containing the GroES and substrate protein-binding sites (31) . Future experiments will be necessary to determine the specificity of the interaction between ␣B-crystallin and ATP and to investigate the effect of ATP on the conformation of ␣B-crystallin in greater detail.
Expression of the sHsp ␣B-crystallin in bacterial cells was associated directly with maintenance of cell viability under conditions of thermal stress. An association between cytosolic proteins and ␣B-crystallin under conditions of thermal stress may prevent both protein denaturation and degradation in vivo and may be responsible for protection against cell death.
Of interest, ATP levels in the lens of the eye are among the highest of any cells in the body (15) (16) (17) (18) . The high levels of ATP associated with chaperone activity in vitro may indicate that large lenticular pools of ATP participate in the chaperone activity of ␣B-crystallin in the folding of normal lens proteins during development and in protection against unfolding and aggregation, a primary cause of lens cell opacification and the leading cause of blindness in the world. This action of ATP is consistent with the concept of a functional relationship between common cell metabolites and molecular chaperones (32) .
Although the molecular nature of the reaction cycle that ␣B-crystallin uses in the refolding of proteins remains to be determined, it is possible that ␣B-crystallin may share similar mechanisms with GroEL and͞or other molecular chaperones. It has been suggested that sHsps are a class of ATPindependent chaperones (33); however the sHsps are the least well characterized of the Hsps. The reaction mechanism that GroEL uses in the folding of proteins, originally determined by biochemical approaches, has been substantiated by the recent solutions of its crystal structures (34, 35) . In contrast, the atomic structure of ␣B-crystallin has not been accomplished. Future experiments will be required to define the reaction mechanism of ␣B-crystallin in the refolding of proteins and to determine whether the chaperone functions of ␣B-crystallin are unique among sHsps in the use of ATP. The results reported here for human ␣B-crystallin are consistent with previous studies demonstrating that bovine ␣B-crystallin possesses an autophosphorylation activity similar to GroEL, DnaK, and Hsp90 (36) (37) (38) (39) (40) . Future investigations will be needed to determine how autophosphorylation of ␣B-crystallin is involved in the chaperone functions of ␣B-crystallin during unfolding and refolding reactions. In one report, the phosphorylated forms of ␣A-and ␣B-crystallins suppressed the unfolding and aggregation of ␤-crystallin at 60°C better than nonphosphorylated forms (41) . In addition, ␣A-and ␣B-crystallins have been shown to prevent the cytochalasin-induced depolymerization of actin in a phosphorylation-dependent manner (42) . Future experiments using site-directed mutants of ␣B-crystallin will establish the molecular sites responsible for ATP interactions, as well as the sites responsible for intra-and inter-molecular protein-protein interactions.
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